Introduction {#sec1-1}
============

Computed tomography (CT) examinations are now common medical procedures, as the scans facilitate rapid and more accurate diagnosis. Radiation-induced carcinogenesis is a stochastic effect, whose probability increases with radiation dose. Several models of radiation-induced cancer have been reported in the literature.\[[@ref1]\] However, the dramatic rise in the use of CT has been responsible for the increased medical exposure to ionizing radiation,\[[@ref2]\] so there is a need to ensure that radiation protection methods for CT procedures are optimized in order to keep dose levels to a minimum.

CT scans of the chest are one of the more common examinations used in the diagnosis of chest disorders, such as infection, inflammation, and cancer, and are also being considered in screening for lung cancer. A recommendation has been made that this application of CT should be justified for dose levels with the volume-weighted CT dose index (CTDI~vol~) \<3.0 mGy for standard size patients.\[[@ref3][@ref4]\] Effective dose is the parameter related to the risk from exposure to ionizing radiation. For CT, it can be calculated from multiplication of the dose length product (DLP) by a DLP to effective dose conversion factor. DLP is based on the product of CTDI~vol~ and irradiation length for the scan. There have been some studies that demonstrate the possibility of reducing radiation exposure using low-dose CT protocols, to give effective dose in the dose range of chest radiography.\[[@ref5]\] These doses are now in the realm that could enable justification for using low-dose CT instead chest radiography for some applications. A survey in Thailand has reported that the average values of CTDI~vol~ and effective dose for chest CT are about 10 mGy and 5 mSv, respectively.\[[@ref6]\] For CT scans to be used for such purposes, a level of image quality must be maintained to ensure that the scans provide the required diagnostic information.

To optimize radiation dose in CT, various technological strategies can be applied. Modern CT scanners incorporate automatic tube current modulation (ATCM) systems to reduce patient doses. These are designed to aid in maintaining optimized radiation dose and consistent image quality throughout CT scans and for patients of varying size.\[[@ref7][@ref8][@ref9][@ref10]\] In principle, the tube current is adjusted automatically to that appropriate for the X-ray attenuation of the patient cross-section being scanned. Current scanners also incorporate iterative reconstruction (IR), a CT reconstruction algorithm that is able to give a lower image noise level when compared to the filtered back projection (FBP) reconstruction method.\[[@ref11][@ref12][@ref13]\]

Use of a combination of ATCM and IR has the potential to further reduce the dose while maintaining image quality. In the present study, a general electric (GE) system with a Smart mA ATCM and adaptive statistic iterative reconstruction (ASIR) was used. The goals of this study were to investigate the use of IR together with the ATCM to determine how the two can best be applied together, and to establish a new protocol implementing Smart mA and ASIR that can be used as a CT low-dose protocol providing an acceptable level of image quality similar to that for the routine protocol used in the hospital.

Methods {#sec1-2}
=======

Ethical approval (No. 0348/60) was obtained from the Institutional Ethics Committee. Because the qualitative image quality assessment was performed by radiological technologists, informed consent was obtained from human participants. Experiments were carried out on an anthropomorphic phantom and a Catphan image quality phantom. An Alderson chest phantom (RSD model RS330) was used for this study. It extends from the neck to below the diaphragm, and is molded around a male skeleton, corresponding to a patient that is 175 cm tall and 73.5 kg in weight. The materials are equivalent to natural bone and soft tissues. Lungs are fixed in the inflated state and are molded to conform to the pleural cavities of the phantom. The pulmonary arteries are injected with a blood equivalent plastic.

Measurements were performed using a 128-slice CT scanner from GE Healthcare (Optima 660). In the present study, Smart mA which is *x--y* plane and *z*-axis modulation was used.\[[@ref14]\] The standard protocol used by the hospital is a NI of 11.57 HU, 120 kVp, 0.8 s rotation time, 1.375 pitch factor, 40 mm beam collimation, 5 mm slice thickness, and standard filter. Image data set was reconstructed using 30% ASIR. The scanned region covered the entire lung fields. The range of the tube current was between 10 and 350 mA. Scans were performed with the reference default NI of 11.57 and other NI settings of 13.3, 15.04, 16.78, 18.52, 20.26, and 22 (NI was increased by 15 for each setting). Each image data set was reconstructed using three different ASIR levels of 30, 50, and 70%. Details of the standard chest protocol used by the hospital and the other protocols developed are summarized in [Table 1](#T1){ref-type="table"}.

###### 

CT protocols and dose data

  Protocol   Dose step   NI      ASIR level (%)   CTDI~vol~ (mGy)   DLP (mGy cm)   Effective dose (mSv)
  ---------- ----------- ------- ---------------- ----------------- -------------- ----------------------
  Standard   0           11.57   30               5.2               211            3.0
  1                              50                                                
  2                              70                                                
  3          −3          13.3    30               3.9               160            2.2
  4                              50                                                
  5                              70                                                
  6          −6          15.04   30               3.1               125            1.8
  7                              50                                                
  8                              70                                                
  9          −9          16.78   30               2.5               100            1.4
  10                             50                                                
  11                             70                                                
  12         −12         18.52   30               2.0               82             1.2
  13                             50                                                
  14                             70                                                
  15         −15         20.26   30               1.7               69             1.0
  16                             50                                                
  17                             70                                                
  18         −18         22      30               1.4               59             0.8
  19                             50                                                
  20                             70                                                

NI=Noise index, ASIR=Adaptive statistic iterative reconstruction, CTDI~vol~=Volume weighted computed tomography dose index, DLP=Dose length product

For every scan, CTDI~vol~ in mGy and DLP in mGy cm were recorded. Values for effective dose were then calculated as effective dose = DLP × *E*~DLP~, where *E*~DLP~ is a DLP to effective dose conversion factor with a value for the chest of 0.015 mSv/mGy cm.\[[@ref15][@ref16]\] The quantitative analysis of the images in terms of pixel value (signal) and standard deviation of the pixel value (noise) were carried out using Image J.\[[@ref17]\] The pixel value and standard deviation of the pixel value from images recorded near the middle level of the scan for slice numbers 23-25, 28-33, and 36 were measured. Ten regions of interest (ROIs) each 5 mm in diameter were placed within the lung and soft tissue for each slice (three reconstructions for each acquisition protocol), as shown in [Figure 1](#F1){ref-type="fig"}. Brightness was adjusted for viewing by the radiological technologist, who was asked to position the ROI for one image series, and the coordinates of individual ROIs were recorded and the same positions used for all image series.

![CT images of the chest phantom at the middle of the heart obtained from standard protocol and ROI locations](IJRI-29-53-g001){#F1}

The image quality was then evaluated by calculating the signal-to-noise ratios (SNRs) in the lungs and soft tissue, and contrast-to-noise ratios (CNR) for the lung and soft tissue as follows:

![](IJRI-29-53-g002.jpg)

where σ corresponds to the standard deviation of pixel value in the ROIs.

The Statistical Package for the Social Sciences (SPSS) statistical package version 23 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Analysis of variance (ANOVA) was used to assess the differences in SNR and CNR between the group means, at α = 0.05. If significant differences were found, *post-hoc* analysis would be used by dependent *t*-test to test the difference between protocols at α = 0.01 (Bonferroni adjustment for five comparisons). Protocols having similar (not statistically different) or higher values of SNR and CNR compared to the standard protocol were considered and were then further evaluated by subjective image quality assessment.

For qualitative image quality analysis, images were evaluated by five observers each with more than 7 years' experience of interpreting CT images, and blinded to the CT settings. Image quality was assessed using the following criteria: image noise, contrast, sharpness and image artifact. Images for 5 mm slice thicknesses were assessed with fixed windowing of lung images at a window width of 1500 HU and window level of −600 HU, and mediastinum images at a window width of 350 HU and window level of 50 HU. The evaluation form was based on a five-level Likert scale (1--5); higher scores indicating better image quality. Intra-class correlation (ICC) was calculated for evaluation of the correlation between observers and the nonparametric Friedman test with significance level at *P* \< 0.01 was used to evaluate whether the subjective image quality for the newly developed protocols differed from that for the standard protocol.

Image quality assessment was carried out using images acquired from a Catphan 700 phantom (The Phantom Laboratory, Inc., Salem, NY).\[[@ref18]\] The scan parameters were 120 kV, field of view 240 mm, and slice thickness of 5 mm. Other scan settings were similar to those used for the anthropomorphic phantom. As the Catphan is cylindrical in shape, it does not reflect mA modulation. Therefore, the mA was selected to achieve values for the CTDI~vol~ of 1.4, 1.7, 2.0, 2.5, 3.1, 3.9 and 5.2 mGy, according to the CTDI~vol~ result from the chest phantom. Measurements of CT number from various materials such as air, lung foam, polystyrene, 20 and 50% hydroxyapatite (CTP682), as well as low-contrast detectability (LCD) (CTP 515), and spatial resolution at 50 and 10% levels of the modulation transfer function (MTF) from 50 μm Teflon wire (CTP682) were performed. The CNR was calculated using the contrast between the values of signal measured at 1% contrast of 15 mm in diameter at CTP515 and the signal measured at the background next to the contrast object, and divided by the noise which was the mean of the standard deviation of the three ROIs located on the background,\[[@ref19]\] as shown in Equation (3).

![](IJRI-29-53-g003.jpg)

Images were reconstructed using the standard kernel for FBP and 30, 50 and 70 ASIR. Web-based software provided by Image owl^®^ was used for the analysis.\[[@ref20]\]

Results {#sec1-3}
=======

Dose and quantitative image quality assessment from anthropomorphic phantom {#sec2-1}
---------------------------------------------------------------------------

Changing the NI settings from 11.57 through to 22 resulted in reductions in DLP from 25 to 72% \[[Table 1](#T1){ref-type="table"}\], corresponding to the tube current reductions shown in [Figure 2](#F2){ref-type="fig"}. Results for the SNR measured in the lung and soft tissue and CNR between the lung and soft tissue are shown in [Table 2](#T2){ref-type="table"}. SNR~soft\ tissue~, SNR~lung~, and CNR for the standard protocol were 3.3, 90.7, and 137.1, respectively. [Figure 3](#F3){ref-type="fig"} and [Table 2](#T2){ref-type="table"} show the SNR and CNR values for each protocol for individual NI settings. The SNR and CNR increased with the strength of ASIR, and decreased with higher NI settings \[[Figure 3](#F3){ref-type="fig"} and [Table 2](#T2){ref-type="table"}\]. Statistical analysis showed that values for the SNR and CNR for protocol numbers 1, 2, 4, 5, and 8 were similar to or higher than those of the standard protocol.

![Tube current (mA) modulations for individual protocols](IJRI-29-53-g004){#F2}

###### 

Quantitative image analysis for different CT protocols

  Protocol   NI      ASIR level (%)   SNR soft tissue   SNR lung   CNR
  ---------- ------- ---------------- ----------------- ---------- -------
  Standard   11.57   30               3.3               90.7       137.1
  1                  50               3.8               99.1       158.1
  2                  70               4.4               108.5      185.1
  3          13.3    30               2.8               82.7       114.3
  4                  50               3.2               92.7       130.9
  5                  70               3.6               99.5       151.6
  6          15.04   30               2.6               77.0       108.8
  7                  50               3.0               84.9       126.2
  8                  70               3.5               93.7       148.3
  9          16.78   30               2.3               70.3       96.5
  10                 50               2.7               77.4       111.4
  11                 70               3.1               85.4       130.4
  12         18.52   30               2.1               67.2       88.9
  13                 50               2.5               74.6       103.3
  14                 70               2.9               83.3       122.2
  15         20.26   30               2.0               63.7       80.1
  16                 50               2.3               70.5       93.4
  17                 70               2.7               78.2       110.7
  18         22      30               1.8               58.1       75.6
  19                 50               2.1               64.5       87.9
  20                 70               2.5               71.9       103.9

ASIR=Adaptive statistic iterative reconstruction, SNR=Signal-to-noise ratio, CNR=Contrast-to-noise ratio

![NR measured at the lungs (A) and soft tissue (B) and CNR (C) for individual protocols](IJRI-29-53-g005){#F3}

Qualitative image assessment {#sec2-2}
----------------------------

Qualitative scoring of image noise, contrast, sharpness, and image artifact from the five readers are shown in [Table 3](#T3){ref-type="table"}, scores ranged between 3.0 and 4.6. A moderate degree of reliability was found between scoring. The average measure of ICC was 0.52 with a 95% confidence interval from 0.205 to 0.744 (*P* \< 0.001). For the acceptability of the image noise level, all developed protocols received similar or higher scores compared to the standard protocol, while those for the contrast and sharpness received lower scores (from scores of 4--5 for each reader, to scores of 2--4). However, the difference in the mean image quality score in each category of image noise, contrast, sharpness, and image artifact was not statistically significant.

###### 

Overall scores of subjective image quality analysis

  Protocol   Average qualitative image quality score (*n*=5)                           
  ---------- ------------------------------------------------- ----------- ----------- -----------
  Standard   3.20±0.84                                         4.20±0.84   4.60±0.55   3.60±0.55
  1          3.40±0.55                                         3.80±0.45   4.00±0.00   3.20±0.45
  2          3.60±0.55                                         3.00±0.71   3.20±0.84   3.20±0.45
  4          3.80±0.84                                         3.60±0.55   3.60±0.55   4.40±0.55
  5          3.20±0.45                                         3.20±0.84   3.80±0.45   4.00±0.71
  8          3.40±0.55                                         3.80±0.45   3.80±0.45   3.40±0.55

*P*\>0.01

Image quality assessment from Catphan {#sec2-3}
-------------------------------------

Values for CT number measured from air, lung foam, polystyrene, 20 and 50% hydroxyapatite using the standard protocol were 947, −776, −33, 236, and 663 HU, respectively. CT numbers varied slightly but were within ±2 HU for each material and reconstruction method. CNR and noise analysis with the Catphan showed improvements when using ASIR compared to the FBP \[[Figure 4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}\]. CNR was 16--30, 30--57, and 47--89% higher, for higher dose settings, for 30, 50, and 70% ASIR, respectively, and the noise was reduced by up to 5 HU when using 70% ASIR.

![CNR (A) and noise (B) for different reconstruction methods and dose levels](IJRI-29-53-g006){#F4}

Results for high-contrast spatial resolution are illustrated by the MTF curves for the different reconstruction methods. At a CTDI~vol~ of 1.4 mGy, values for the 50% level were 3.8, 3.9, 4.0, and 4.1 lp cm^−1^, while the number of lp cm^−1^ increased to 6.7, 6.8, 6.9, and 7.0 at 10% MTF for FBP and 30, 50, and 70% ASIR, respectively. The MTF improves slightly for higher dose levels and showed a steady progression from FBP to higher strength of ASIR. [Figure 5](#F5){ref-type="fig"} shows MTF for the recommended protocol of 3.1 mGy.

![Variation of spatial resolution with different reconstruction methods for the recommendation protocol of 3.1 mGy](IJRI-29-53-g007){#F5}

Results for the LCD are shown in [Figure 6](#F6){ref-type="fig"}. Lower dose settings with the same reconstruction methods and contrast level tended to give lower abilities to identify objects. With the same dose and contrast level, smaller detail diameters could be detected with ASIR compared to FBP and with higher strengths of ASIR.

![Variation of low-contrast detail detectability with dose levels and different reconstruction methods, for contrast levels of 1, 0.5, and 0.3%](IJRI-29-53-g008){#F6}

Discussion {#sec1-4}
==========

As ATCM systems and IR have been widely used, the effectiveness of dose reduction has been studied. Several investigators have published data relating to the efficiency of ASIR for pathologic findings, such as reticulations, nodules, and bronchiectasis, in reducing dose by 32--65%for patient examinations, without increasing the noise level in the reconstructed images.\[[@ref12][@ref20][@ref21][@ref22][@ref23]\] The efficiency of ASIR when used together with ATCM has been studied by Qi *et al*. who suggested that use of 50% ASIR with a NI setting of 15 allowed a dose reduction of 57% for chest CT.\[[@ref24]\]

Image quality improved when either higher dose or ASIR levels were set \[[Table 2](#T2){ref-type="table"} and [Figure 3](#F3){ref-type="fig"}\]. Results obtained from the Catphan phantom confirmed those from the chest phantom. The measured noise (standard deviation of the pixel value) from Catphan for the NI setting of 11.57 (CTDI~vol~ of 5.2 mGy) reconstructed with FBP was about 7 HU. This was slightly lower than the targeted noise level. NI is defined as the standard deviation of pixel values in the central region of an image of a uniform water phantom. As the location of measuring noise was at the edge of the phantom, there was less attenuation of photons, therefore lower noise compared to the center. The results indicated that a higher level ASIR gave similar image quality compared to the lower level ASIR with a NI setting that was one step lower. For the standard protocol, the NI setting of 11.57 with 30% ASIR gave the measured noise of about 6 HU or 15% lower compared to the target value. From [Figure 4B](#F4){ref-type="fig"}, similar noise value to the NI setting of 11.57 with FBP would be obtained for the NI setting of 15.04 with 30% ASIR, NI setting of 16.78 with 50% ASIR, and NI setting of 18.52 with 70% ASIR. Results for CNR varied in a similar way. This indicated that, with the same noise level, users can set higher NI values when ASIR was implemented. The effect of ASIR on CT numbers for different materials was evaluated. All reconstruction methods gave relatively constant values of CT numbers with variations of up to 2 HU These results were similar to those reported by Dodge *et al*.\[[@ref19]\]

Results of LCD showed improvement when using higher level of ASIR, especially for lower NI settings or higher dose. At 0.5 and 1% contrast, similar values of LCD were found from use of the higher NI setting of 15.04 with 70% ASIR compared to the lower NI setting of 11.57 mGy with FBP \[[Figure 6](#F6){ref-type="fig"}\]. For the 0.3% contrast object, there were no significant differences between ASIR and FBP for the NI settings higher than 16.78. This may be because the higher noise obscured the small differences between the target and background. Results imply that different NI and ASIR settings should be implemented for different investigations. Diffuse lung disease that is considered to be a low-contrast resolution task may not be detected with NI settings higher than 16.78.

The ability of CT image to detect small lung nodules is crucial for lung cancer screening. Sharpness in terms of MTF is capable of separating smaller objects from surroundings. Results showed the values were relatively constant for various NI (or dose) settings \[[Figure 5](#F5){ref-type="fig"}\]. Comparisons of MTF between FBP and ASIR showed that higher level of ASIR improved resolution slightly. Results also suggested that the use of ATCM together with a higher level of ASIR has the potential for lung cancer screening because the results for noise, CNR, LCD, and MTF improved. SNR and CNR measured from P8 were similar to or better than those from the standard, P1, and P4 protocols but lower than those from P2 and P5 protocols \[[Table 2](#T2){ref-type="table"} and [Figure 3](#F3){ref-type="fig"}\]. However, image quality analysis based on noise and CNR measurements does not completely encompass the differences in image texture which may affect patient diagnoses. For the protocol P8, although the objective image quality was not significantly changed compared to the standard one, the subjective image quality scores in terms of contrast decreased from 4.6 to 3.8 \[[Table 3](#T3){ref-type="table"}\]. This may be because of a different appearance of the images from more statistical reconstruction of the CT data sets, noise and texture are different from those in the standard protocol, and this may give an unsatisfactory diagnostic result. Therefore, care must be taken not to use too high degree of ASIR as this could result in an over-smoothing artifact.\[[@ref25][@ref26]\] In detail, all readers gave scores of 4--5 for the contrast obtained from the standard protocol and 3--4 for that from the other protocols. However, there was one reader who gave a score of 2 for contrast and sharpness of protocol P2. This mismatching classification induced lower ICC among readers. In order to clarify whether the lower scores obtained had implication for diagnosis, the readers have been asked and confirmed that protocol P8 produced adequate image quality that is suitable for interpreting diagnostic images.

The optimal combination of setting a higher NI together with a higher percent of IR in order to achieve a lower dose while preserving acceptable image quality could be a way of following the ALARA principle. The objective of this study was to develop new protocols that have a similar level of image quality compared to the routine chest CT protocol of the hospital (Smart mA technique with the noise index of 11.57 and 30% ASIR reconstruction). The result suggested that protocol P8 provides the best CNR and SNR with the lowest effective dose. Doses obtained from the present study were lower than those reported from a survey in Thailand.\[[@ref6]\] This is because the majority of CT scanners do not use IR and ATCM. CTDI~vol~ can be reduced from 5.2 to 3.1 mGy (and effective dose from 2.96 to 1.75 mSv) \[[Table 1](#T1){ref-type="table"}\], which was about a 40% reduction while preserving a similar level of image quality with a NI of 15.04 and 70% ASIR. The image quality for both objective and subjective assessments were not significantly different from the routine protocol used in the hospital.

This study has several limitations. First, this was a phantom study and the results cannot be automatically transferred to humans. A slice thickness of 5 mm may not be adequate for major indications for chest CT such as interstitial lung disease, lung nodule, and pulmonary embolus. It is possible that this increased slice thickness enhanced measures such as SNR that could have otherwise produced more noise at thinner slices and also influenced the ideal NI and ASIR combination.\[[@ref27][@ref28][@ref29]\] Lung CT images can be reconstructed using different filter reconstructions based on clinical indications and these will affect the image noise and MTF. Hhowever, the effect of such reconstructions on the image quality using the different variables has not been included in this study. Additional studies may be performed in order to determine the most efficient use of ATCM and ASIR with filter reconstructions. Second, CT dose optimization in this study was based on SNR and CNR only. Other advanced image quality parameters that take noise texture into account, such as the noise power spectrum, should be considered. Lastly, effective dose was calculated by using a generic DLP to effective dose conversion factor established for a broad range of different scanners and scan settings, and therefore can only be used to give a broad idea of the effective dose.

In summary, this phantom study evaluated quantitative and qualitative image quality of chest CT at different combinations of noise index and ASIR level. The new protocol of NI 15.04 with 70% ASIR can reduced the dose by 41% compared to the standard protocol of NI 11.57 with 30% ASIR without degradation of image quality. Because scan parameters affect CT ATCM system operation, additional studies should be performed in order to determine the most efficient use of ATCM and ASIR.
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